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Objective

Tonetermine the effect of adding fresh cells and increasing the cell concentration on the
cofermentation of glucose and xylose during the continuous steady state fermentation of corn fiber
hydrolyzate. The spiking experiment was performed on a continuous corn fiber hydrolyzate
fermentation already in progress (see report 2.1).

.Materialsand Methods

Yeast strain

The organism used in these studies was the genetically engineered recombinant yeast 1.1400
(pLNH33). The seed vials were prepared by growing the cells in YEPX media for 18 hours,
diluting 1/2 with a 40% (w/v) glycerol solution. and finally freezing them quickly. The organism
originated at Purdue University (Dr. Nancy Ho) and was supplied to NREL by Amoco
Corporation.

Inoculum Preparation

Two separate step additions (spikes) were carried out: the first at a 10% (v/v) inoculum level and
the second at a 50% (v/v) inoculum level. The terms “10% (v/v) level” and “50% (v/v) level”
describe the volume of the prepared fresh inoculum (as a percentage of the reactor volume) to be
added to the fermentor. The following protocol was used to prepare the two inocula. A 1-mL
frozen vial stored at -70” C was thawed at mom temperature and inoculated into 50 mL YEPX
with 2% (w/w) xylose and 1%(w/w) CSL media. The first stage inoculum was incubated at 30” C
in a rotary shaker (150 rpm) for 30 hours. The second stage inoculum was started with a 10%
(v/v) seed from the first stage added to 90 mL media. The media compositionwas the same as for
the first stage, and the second inoculation lasted for 18 hours.

GrowthMedia

The corn fiber medium was prepared by adding 2% (w/w) corn steep liquor and 1%(w/w) yeast
extract to 15 liters of pretreated corn fiber supernatant. The corn fiber was pretreated using the
proprietary (APR) Amoco process. The hydrolyzate (pH 1.6) was autoclaved at 121" C for 90
minutes.



Inoculation

The 10%inoculum spiking Wes performed by replacing 100 mL of fermentation medium by 100
mL of fresh inoculum at the time indicated by the first arrow in Figure 1. This increased i
concentration in the fermentor by four times. The 50% inoculum had a starting volume of 500 mL
and was centrifuged down to a final volume of 50 mL to concentrate the cells. The concentrated
inoculum was added to the fermentor after removing 50 mL of media from the vessel. This
increased the cell concentration by 25 timesto 2.3 x 10° CFUs.

Growth Conditions
The continuous fermentation temperature was maintained at 30" C, the pH at 5.00, and the
agitation speed at 150rpm. The steady state volume was 1 liter with a resident time of 72 hours.

Analytical techniques

Glucose and ethanol concentrations were determined using a Hewlett Packard 1090 HPLC
equipped with a 1047 IR detector, HPX-87XH, and a HPX-87XP column. Column temperature
was 85" C. Samples were centrifuged and sterile filtered (0.2y).

Results and Discussion

As seen in Figure 1, the glucose and xylose levels remained unchanged after the 10% inoculation,
and ethanol production was not affected. In contrast, the glucose concentration dropped by about
1g/L for 25 hours after the 50% inoculation and then returned to the pre-inoculation steady state
level. The xylose concentration dropped by about 5 g/L to 30 g/I. and slowly returned to the pre-
inoculation steady state level after one residence time. The ethanol concentration increased
immediately following the 50% inoculation from 15 g/L to 19 g/L and gradually dropped to 16
g/L. This demonstrates a significant improvement in ethanol for the short term and a small
improvement (1to 2 g/L) in the long term (steady state concentration).

The ethanol netaolic yield (% theoretical) went down from 88.9% (G74hours) to 82.6% (644
hours), but the productivity improved from 0.201 to 0.264g/L-h, which would result in 1.5 g/L
more ethanol being made each day. It mustbe noted that these comparisons are between the steady
state prior to inoculation (674hours) and the period right after the spiking (644 hours), when
xylose consumptionand ethanol production are at their peak.

The effect of inoculum addition on the oligomeric to monomeric sugar ratio during the course of
the experiment (Figures 2-6) is rather inconclusive. Glucose seems to be ""moving' toward the
monomeric form during the fermentation, whereas the oligomeric xylose, galactose, and arabinose
concentrationsseem to ramain the same. Unfortunately, the measured total glucose concentration
in the feed (monomeric and oligomeric) vaned, although experimentally it was kept constant. As a
result, it is believed that analytical inaccuracies introduce uncertainty into the oligomer/monomer
analysis.

The carbon balances were calculated for four separate time points (see spreadsheets 14). The first
carbon balance wes performed on sample T20 taken at 354 hours (before the 10% inoculum
spiking). The second sample, T31, wes taken at 574 hours and represented the steady state
conditions just before the 50% inoculation. The third sample, T37, was taken at 644 hours, just
after the 50% inoculation and at a time when the highest rates of xylose and glucose consumption



and ethanol production (19 g/L) were observed. The fourth sample was T45; it was taken at 885
hours at the end of the continuous fermentation. Overall, the carbon balance closures were
satisfactory, ranging between 92% and 104 %.

Interestingly, the product and ethanol yields for sample T20 were 30 to 40% lower than calculated
for later time points, respectively. This appears to be related to the difficulty in sugar oligomers,
as mentioned earlier. The product yields for the remaining time points approached 100%. The
ethanol metabolic yields for T31 and T37 were just above 80% and the T45 sample was over
100%.

Conclusions

Increasing the cell concentration with the 50% inoculum spike improved xylose utilization and
ethanol production, but only to a small extent at the steady state level. These increases indicate
that plasmid may have been lost during the early batch operation, when glucose levels were high
_and there was little selection pressure on the yeast to maintain its plasmid-borne xylose genes.
However, the improvement is Stalll,and a continuous inoculum may not significantly improve the
continuous fermentation. Nevertheless, the concept of continuous inoculation should be tested
experimentally,because, in addition to the fresh inocdum, cell adaptation may also play a positive
role in enhancing the performance of hydrolyzate fermentation.
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SSF CARBON BALANCE: Liquid Fractionof Corn Fiber

T20: 354 hours T31: 574 hours

T37: 644 hours T45: 885 hours




SSF CARBON BALANCE: Liquld Fraction of Corn Flher T20: 354 hours

Run: Confinuous Fermeniation of Hydrolysate Liquor by LNH33C
Pretreatment:

LIDSBALANCE  h Out

Lignin (%): 0 000
ble Solids (%): 0.00 0.00

Carbon Balonce: SSF

CarbonIn Carbon Out Converslon Yield VYield
in Sofids in tiquor Total iy Sofids in Liquor Total n-Cuty/in g product/ product/
Component & dywh) (C-moleotd In)  {g/L) {C-moleotd In) {C-mola/#E: dry wi) (C-molecl Out)  {g/L) (C-moleal Out) (C-mole (%) 100gCHC100g Cé+Ch e

0.00 0.000 0.000 0.0Cc 0.0 0.000

0 €00 0.0 55.30 1842 (000 1842 0.00 000 00 18.80 0.626 oo 0.626 56.00

0 0000 0.0 14.00 0.466 100.0 0.466 0.00 0020 0.0 1W80 0.360 1000 0.360 22.86

0 0000 #### 0.00 0.000 ### 0.000 0.00 D.DOO #PiH 0.00 0.000##### 0©.000 #£DIV/O

0 0000 0.0 4440 1479 1000 1479 0.00 0.000 OO 4440 1.479 1000 1.479 0.00

0 0000 0.0 3830 1276 100 1.27/6 000 0000 o0 2900 0956 1600 0966 24.28

O 0.000##### 0.00 0.000 ### 0.000 0.00 (Q.000 ##### 0.00 0.000 ####  0.000 #DIv/0l

G
0.00 0.000 0.000 1460 0.634 0.634 36.78 29.80
0.00 0OO000 0.000 4.90 . 0.196 0.196 12.34 10.00
0.00 0.00 0.317 0.317 35.13 28.66
0.20 0.007 0.007 1.40 0046 0.046 3.02 245
6.60 0.220 0.220 6.60 0.220 0.220 000 000
400 0.133 0.133 4.20 0140 0,140 D50 0.4}
000 0.000 0.000 0.00 0.000 0.000 0.00 000

Tofaf g 0000 o0 5.422 1006 5.422 000 ooco 0.0 4982 1000 4.982 87.78 71.12




'SSFCARBON BALANCE:Liquld Fractlon of Corn Flber T31: 574 hours

Run: Continuous Fermnentatlon of Hydrolysate Liquor by LNH33C
Pretreatment:

LIDS BALANCE I Out

Lignin (%) 0] 0,00
ble Solids (% 0.00 0.00

Carbon Balance: S5F

Carbon In Carbon Out Converslon Yield Yleld
In Solids In tiquor Total In Solids In Liquor Tetal n-Oub/in g producty product/
Component & dy wt) (C-moleatal In)  (g/L) (C-moleotal In) (C-mole /% dy wt) (C-molaal Out)  {g/L) (C-moleal Out) (C-mole (%} 1009 Céc 100 g C6+Ch cc

0.00 0.000 0.000 0.00 0.000 0.000

0O 0000 0.0 4970 1,655 1000  1.655 000 0.000 0.0 2550 0.849 100.0 0.8499 48.69

0O 0000 0.0 12.60 0.4201000 0.420 0.00 0.000 0.0 1200 0.400 to0.0 0.400 4.76

0O 0000 GO 5.10 0,170 .0 0170 000 0.000 ##### 0.00 0.000 #### 0.000 100.00

0O D000 GO0 6040 2012 1000 2.012 0.00 0000 0.0 5890 19021006 1,962 2.4

O 0pDo 00 32.60 1.0861000 1.086 0.00 oooo oo 32.10 1069 1006 1,069 15

O 0.000 ##### 0.00 0.000 ### 0.000 0.00 0.000 ##### 000 000D ##### 0000 #DIV/0!

0
0.00 0.000 0.000 1450 0.629 0.629 48.49 4545
0.00 0000 0.000 2.70 0.108 0.108 9.03 844
0.00 0.315 0.315 46.33 43.42
0.20 0,007 0,007 1.10 0.036 0.036 3.00 2.8
6.60 0.220 0.220 6.60 0.220 0.220 ooa  0.00
4.0 0.133 0.133 4.20 0.140 0.140 0.67 0.63
0.00 Q.000 0.000 Q00 0.000 0.000 000 0.00

Totat g 0000 o0 5702 100 5702 000 0000 0.0 5.727 1000 5727 107.53 100.79




SSF CARBON BALANCE: Llquid Fractionof Corn Fiber T37: 644 hours

Run: Continuous Fermentation of Hydrolysate Liquor by LNH33C
Pretrectment:

LIDS BALANCE  In Out

Lignin {%}: 0 0.00
Me Solids (%}: 0.00 0.00

Carbon Balance: 55F

Carbon In Carbon Oul Converslon Yield Yleld
in Solids in Liquor Total h Solids In Liquor Total 'n-Out)/in g product/ product/
Component 6 drywl) (C-molectal In)  (g/L) (C-moleotal In) (C-mole/k% drywl) (C-molecl Out)  {@/L) (C-meleal Out) (C-mole (%) 100g Cé c100g Co+C5cc

0.00 0.000 0.000 0.00 0.0 0.000

0O 0000 0.0 4700 1845 10O  1.565 000 0000 00 1500 0500 000 0500 6809

0O o0co0 0.0 11.20 0373 1000 0373 000 O0.000 00 1030 0.343 1000 0.343 8.04

0O ooo0 o 2.90 0.097 0.0 0.097 0.00 Q.000 ##&## 0.00 O0.000##### 0.000 100.CO0

0 0000 OO 58.30 1942 1000 1942 000 0000 00 5070 1689 100.0  1.689 13.04

0 0000 €O 3550 1182 1000 1182 0.00 0000 OO0 3390 1129 1000 1.129 4.5}

0. 0000 ##### 000 0.000##### 0.000 0.00 0.0CC ####¢# 0.00 0.000 ### 0000 #Div/0

0
0.00 0.000 0.000 19.00 0.825 0.825 53.07 42.22
0.00 0.000 0.000 417 0.6 0.166 .65 9327
0.00 0.412 0.412 5070 40.33
0.20 0.007 0.007 2.30 0.075 0.075 5.87 467
6.60 0.220 0.220 6.40 0.213 0.213 056 -044
4.00 0.133 0.133 410 0.137 0.137 0.28 022
0.00 0.000 0.000 0.0 0000 0.000 ao00 0.00

Total 0O 0000 00 5518 1000 46518 coo oooo 0.0 5488 1000 5488 12301 96.27




SSF CARBON BALANCE: Liqultd Fractlon of Corn Fiber T45: 885 hours

Run, Continuous Fermentatlon of Hydrolysate Liquor by LNH33C
Pretreatment:

LIDSBALANCE  In Out

Lignin(%): O o.co
bla Solids (%) 000 0.00

Carbon Balance: $$f

Carbon In Carbon Cut Convenlon Yield Yield
In Solids in Liquor Total In Solids In Liquor Total n-Outy/in g product/ product/
Component 4 drywl) (C-moleotalln)  {g/L) (C-moleotat In) {C-mole/&% dry wt) (C-moleal Out)  (g/L) {C-moleal Out) (C-mole (%) 100 g C6 <100 g CH+CE ¢

000 0000 0000 0.00 0000 0.000

0 0000 @G0 42 1472 1000 1472 000 0000 O.0 1510 0513 1000 0503 65.84

0 o000 o6 990 0330 2.0 0330 000 0000 OO0 1050 0,350 1000 0.350 6.06

0 0000 ##### 0.00 0000 #8884 0000 000 O.000##### 0.00 0©.000 ###4# D.DOO #DIV/O!

o 0000 00 4760 1585 looo  1.585 000 0000 00 4590 1.529 1000 1.59 3.57

0 0000 o0 3130 1042 1600 1042 000 0000 0.0 2980 0.992 1000 0992 4.79

O 0000 #F#### 000 0000 ##### 0000 0.00 0.000 ##### 0.00 D.000 ##### 0.000 #£DIV/0I

0
000 0.000 0000 16.50 0.716 0.716 57.89 52,05
000 0000 0.000 3.20 0.128 0.128 11.23 1009
0 00 000 0.358 0.358 5531 49.72
022 0007 ooo7 1.20 0.039 0.039 3.4 309
650 0216 0.216 660 0.220 0.220 0.35 0.32
414 0138 0.130 4.20 0,40 0.140 0.21 0.19
000 0000 0.000 0.00 0.000 0.000 0.00 o000

Total g 0000 00 4,791 1000 4.791 a0 oo 0.0 4.975 1000  4.95 129.43 175.46




Graph 2 (720, 354 hours)

Monomer Vs Oligomer Utilization
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Chart 3 (T32, 594 hours)

Monomer Vs Oligomer Utilization
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Graph4 (T40, 714 hours)

Monomer Vs Oligomer Utilization
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Graph 5(T42, 762 hours)
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Graph 6 (T45, 886 hours)
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